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A range of experimental results point to the existence of a massive neutrino. The recent high
precision measurements of the cosmic microwave background and the large scale surveys of galaxies
can be used to place an upper bound on this mass. In this letter we perform a thorough analysis
of all assumptions that go into obtaining a credible limit on
∑
mν . In particular we explore the
impact of a cosmological parameters, the importance of priors, the uncertainties due to biasing in
large scale structure and the dependence on choice of initial conditions. We find that the mass
constraints are independent of the choice of parameterization as well as the inclusion of spatial
curvature. Yet the difference between an upperbound of 2.2 eV, assuming generic initial conditions,
and an upper bound of 0.63 eV, assuming adiabaticity and b = 1, demonstrate the dependence of
such a constraint on the assumptions in the analysis.
The neutrino is an integral component of the standard
model of particle physics. Until recently it was assumed
to be massless. With the new advances in non-accelerator
particle physics there is now definitive evidence that this
cannot be so: neutrinos must have mass. Tritium decay
measurements have been able to place an upper limit on
the electron neutrino mass of 2.3 eV at the 95% confi-
dence level (CL) [1]. When the neutrino flavour transi-
tions measured in atmospheric, solar and accelerator ex-
periments [2] are interpreted within the 3-neutrino type
scenario of the standard model, their masses are required
to be in the 0.05− 0.1 eV range. The claimed direct de-
tection of neutrinoless double-β decay in the Heidelberg-
Moscow experiment tightens this range to 0.1 − 0.9 eV
[3].
Although it is unlikely that massive neutrinos are the
dark matter it appears conceivable that they may still af-
fect the growth of density perturbations in a measurable
way. Neutrinos with a mass less than 2 eV are still rel-
ativistic when entering the horizon for scales of k = 0.1
h Mpc−1 and are quasi-relativistic at recombination.
Therefore they cannot be treated as a non-relativistic
component of the CMB and are not entirely degenerate
with the other relativistic components [4]. In a matter
dominated universe, a modicum of massive neutrinos will
free-stream on scales of clusters and galaxies and there-
fore suppress the rate of growth of density perturbations
from being proportional to the scale factor a to being
proportional to a1−ǫ where ǫ = 5
2
[1 − (1− 24Ων/25)
1/2],
where the neutrino mass,
∑




2). Indeed it has been
proposed that a mixed model with a combination of cold
dark matter and massive neutrinos might be a viable al-
ternative to the currently favoured Λ-Cold Dark Matter
model (where Λ is the cosmological constant).
The effect on the growth of structure supplies us with a
useful method for constraining Ων and as a result,
∑
mν .
By measuring the amplitude of clustering on large scales
(above the free streaming scale) and comparing it to the
level of clustering on small scales (below the free stream-
ing scale) it is possible to tease out the level of damping
due to the neutrinos. The amount of clustering on large
scales is well constrained by measurements of fluctuations
in the Cosmic Microwave Background (CMB) which map
out the density perturbations on scales up to the horizon.
Surveys of galaxies allow us to pin down the amount of
clustering on small scales. Combining the two allows us
to place a constraint on Ων .
This approach has been applied extensively over the
last decade. In [5], using a combination of data
from the Wilkinson Microwave Anisotropy Probe 3-year
(WMAP3) [6], 2dF Galaxy Redshift Survey [7], Sloan
Digital Sky Survey (SDSS) [8] and the supernova (SN)
[9, 10], the WMAP team placed an upper limit of∑
mν < 0.66 eV on the neutrino mass when the SDSS
bias constraint [4] is included. Seljak [11] recently re-
ported an huge improvement on this when the same
dataset is supplemented with the baryon acoustic oscil-
lation (BAO) [12] and Lyman-α [13] constraints. The
Lyman-α forest provides information about the matter
power spectrum on small scales (where neutrinos sup-
press power) and at high redshift (z = 2 − 4) where
non-linear evolution has not yet occured. The Lyman-
α data prefers a higher normalization and hence places a
strong upper bound on the neutrino mass. The position
of a peak in the galaxy correlation function at ∼ 140
Mpc h−1 arising from the baryon acoustic oscillations
once they have decoupled from photons, has recently
been measured. Given its dependence on Ωm and the
hubble parameter H(z) and the degeneracy of neutrino
mass with both these parameters, the inclusion of the SN
data to fix Ωm and the information about ΩΛ provided
from the BAO result yields a very strong upper limit of∑
mν < 0.17 eV at 95% CL without the need for SDSS
bias constraint. We also acknowledge the recent result of∑
mν < 0.9 [14] obtained using the WMAP3 and LSS
data from the luminous red galaxies in SDSS.
The use of cosmological observations can, in principle,
supply us with limits on the neutrino mass which are
comparative with experimental bounds. Yet there is a
valid concern that cosmological constraints are plagued
with uncertainties which are not yet well explored. The
impact of certain assumptions that go into such an anal-
ysis has been considered by other authors [15, 16], how-
ever a detailed review of all relevant factors that may
be getting in the way of a truly robust constraint has
2yet to be performed. In this letter we wish to remedy
this situation. The structure of this letter is as follows.
We first establish our core model and analysis. We then
discuss how our choice of prior probability distributions
for the neutrino content affect our results. The impor-
tance of including (or excluding) different data sets is
then investigated. We end by considering extensions of
the core model with, for example, dark energy, curvature
and general initial conditions.
We take the concordance model as our starting point:
a spatially flat Universe with nearly scale invariant adi-
abatic fluctuations dominated by cosmological constant.
Adding in massive neutrinos, the cosmological parame-
ters that sufficiently describe this scenario are the phys-
ical baryon density ωb, the physical cold dark matter
(CDM) density ωd, the fraction of neutrino density rela-
tive to CDM fν = ων/ωd, the fractional density of cosmo-
logical constant ΩΛ, the galaxy bias b (assumed to be a
constant based on theoretical reasoning in [17]), the am-
plitude and scalar spectral index of the primordial fluc-
tuation spectrum As and ns respectively. In principle
we could include additional parameters in the analysis
such as tensor modes (gravitational waves) and a run-
ning spectral tilt which arise out of modifications to our
simplest working theory. The spectral running and the
neutrino mass are anti-correlated but we choose not to
include this parameter given the lack of support from the
current data or theoretical models [4].
The practicalities of the method are as follows. CMB
polarization and temperature power spectra as well as
the matter power spectra are computed using the CAMB
package [18]. We compare the spectra computed from
the sample model to the CMB temperature anisotropy
measurements from WMAP 3-year [6] and a combina-
tion of small scale (high ℓ) CMB data from ACBAR,
BOOMERANG, CBI and VSA [19]. This is comple-
mented with the galaxy power spectrum derived from
the SDSS [8] to make up the main dataset which will
be used for the analysis. A likelihood analysis using the
likelihood function in [20] is then performed in order to
compare the spectra generated from the models with the
data. We use a Monte Carlo Markov chain method that
invokes a Metropolis algorithm as described in [21, 22] to
explore the resulting likelihood distribution in parameter
space efficiently.
We begin by considering alternative parametrizations
of the neutrino content. fν as defined in this analysis is
the fraction that the neutrino density contributes to that
of CDM. In other work the parameterization is Fν , the
fraction of the total matter density ΩM = Ωb +Ωd +Ων
that they comprise. In other cases one simply works with
the total mass,
∑
mν , of all 3 species. We can explore the
effect of the neutrino parameterization by repeating the
same analysis using
∑




Different parameterizations effectively change the priors
that are placed on the quantity being constrained, in this
case
∑
mν . Placing the reasonable limits on the neutrino
variables consistent with previous work, we find that the
upper limits on
∑
mν at the 95% CL (using the CMB
and LSS data alone) are in agreement at 1.3 eV for all
3 parameterizations. In the region of
∑
mν in which
the data falls (< 4 eV), these priors are all effectively
equivalent top-hat and thus have no impact. If we add
the the SN data [10] and impose Ωm = 0.263 ± 0.042
the effective priors on the 3 different parameterizations
diverge in this region of
∑
mν space, but again do not
lead to major discrepencies in the mass constraints. The
situation does not change when σ(Ωm) is reduced to 0.01
as predicted for future experiments such as SNAP. We
conclude that adding in current data does not affect the
independence of parameterization on the neutrino mass
limits.
We now examine to the role of the data. A Fisher ma-
trix analysis [15] reveals strong degeneracies between the
neutrino density Ων , the galaxy bias b and the matter
density Ωm = Ωb +Ωd. This is due to the fact that all 3
parameters have minimal effect on the CMB (none in the
case of the bias) and yet impact the matter power spec-
trum strongly on scales smaller than the free-streaming
scale. An increase in
∑
mν can be compensated by a
decrease in b. Increasing the matter content Ωm brings
matter domination forward in time, resulting in less sup-
pression on small scales ( i.e. shallower gradient at larger
k [23]) and a smaller horizon at matter-radiation equal-
ity [24]. It then makes sense that the power suppres-
sion at larger k caused by the massive neutrinos must




change in Ωm is equivalent to a change in ΩΛ and the de-
generacy between this parameter and the neutrino mass
is shown in figure (2). Any supplementary information
that reduces the freedom in these degenerate parame-
ters will impact on the neutrino constraints. The BAO










1 + 0.94 Ων
Ωm
)
= 0.469 ± 0.17
and is found to considerably lower the allowable mass
to 0.78 eV. The limit goes down even further to 0.66 eV
when the SN data [10] is added to the CMB+LSS dataset,
presumably with ΩΛ being more tightly constrained. We
have not used Lyman-α measurements given the as yet
still unresolved systematics that still plague these data
sets [13].
Given the strength of the degeneracy with the bias,
the neutrino mass constraints are commonly improved by
making assumptions about b based on former knowledge.
For example, Hannestad [24] used the WMAP 1st-year
[25] and 2dFGRS [26] datasets to obtain an upper limit
of
∑
mν < 3 eV (95 % CL) leaving b and the normaliza-
tion as free parameters. The limit of 0.7 eV quoted by
the WMAP team using the same data is notably different
because of their assumption b ≃ 1 supported by the bi-
spectrum analysis of the 2dFGRS [27]. Using most recent
CMB+LSS data, we update this bound to 0.63 eV. The
large discrepencies between the
∑
mν constraints are of-
ten rooted in the different assumptions about b which
are too regularly termed ‘priors’. The form of the bias
tends to be taken lightly and yet is the same as includ-
3FIG. 1: Bottom panel: The 95 % constraints in the (
∑
mν ,
b) plane for different Gaussian priors on the bias. On left, µb
is 1.1 (solid), 1.0 (dotted) and 0.92 (dashed). On the right,
σb is 0.11 (solid), 0.0825 (dotted) and 0.055 (dashed). Top




ing an additional dataset. We wish to dissect the effect
of including bias measurements on neutrino mass con-
straints. When the analysis is performed using the SDSS
data its natural distribution is found to be normal with
b = 1.09 ± 0.11. If we impose different Gaussian priors
on b keeping the mean fixed and reducing the standard
deviation, the resulting 1D
∑
mν distributions tighten
slightly. Because the peaks shift towards higher values as
shown in figure (1) the upper bounds at 95% CL are not
lowered as expected. With reference to allowed regions
in (
∑
mν , b) space, the effect of the imposed standard
deviation of b on the mass limit progressively weakens, in-
dicative of a possible threshold value of σb beyond which
it has no effect at all. If we now lower the mean values
µb of the priors but where σb = 0.1 × µb, the allowable
region in (
∑
mν , b) space is reduced in a relatively lin-
ear fashion. Given the correlation between b and
∑
mν ,
a decrease in µb means that a lower b is also favoured
and is equivalent to weighting the neutrino mass around
a correspondingly lower value. This shows that in order
to improve our knowledge of
∑
mν a more precise (as
opposed to accurate) measurement of the mean b from
future analyses such as weak lensing will be helpful.
It is clear that the neutrino mass limits are model-
dependent and despite the vast amount of data now in
support of the simple concordance picture, more com-
plicated scenarios are possible in certain paradigms. In
order to be certain that the least restrictive mass limit is
obtained, these should be explored. Recent work [5, 28]
has shown a possible degeneracy between the equation
of state of dark energy w and the neutrino mass. We
wish to clarify this result. If w is allowed to vary, the
effect of larger neutrino masses can be mimicked in the
power spectrum by more negative values of w instead
of smaller Ωm values. If we make no assumption about
the cosmological constant and include w in the parame-
ter space, the resulting confidence contours for the CMB
and LSS dataset show no signs of a relationship between
these parameters. It is only when we include the SN data
which amounts to diminishing the role of Ωm do we find
a degeneracy between w and
∑
mν .
FIG. 2: From top right, bottom left to right: 95 and 68 % con-
tours in the (
∑
mν , ΩK), (
∑
mν , ΩΛ) and (
∑
mν , b) planes.
Top left: The confidence intervals in the (
∑
mν , w) planes
for our CMB+LSS dataset (dark) and for CMB+LSS+SN
dataset (light).
The analysis so far has been performed under the as-
sumption of flat space. We now consider the possibility
of non-flat geometry and include the curvature density
ΩK as a parameter. When we admit spatial curvature, a
slightly closed universe is favourable with a best-fit model
of ΩK = −0.05. A tighter constraint on the neutrino
mass of 1.17eV is also obtained. The CMB feels the im-
pact as the inclusion of ΩK which dictates the position
of the first acoustic peak. Since Ωmh
2 also affects all the
peak positions, the favouring of an open Universe by the
data leads to a higher distribution in Ωmh
2. But because
of the increased freedom on the RHS of Ωm+Ωr = 1−ΩK
which holds for early times, a higher Ωm is countered
by a more negetive ΩK , producing a more gentle rise
in the matter-radiation ratio and thus disfavouring the
high
∑
mν models. The results are however consistent
with flat space and massless neutrinos within 2-σ. The
confidence contour in figure (2) rules out any degeneracy
between the neutrino mass and ΩK . This parameter as
well as w do not have notable effects on the allowable
models and can be ignored from the parameter space.
The introduction of sterile neutrinos with no standard
weak couplings has been proposed to reconcile the LSND
result with the solar and atmospheric oscillation data.
Neutrinos (massless or massive) count as radiation thus
delaying the epoch of matter-radiation equality bringing
it closer to recombination, while the increased radiation
density on the power spectrum is countered by the in-
crease in the fraction that the hot dark matter compo-
nent relative to the cold. This leads to a degeneracy




for the degredation of the constraint to 1.96 eV when 3
degenerate sterile species are incorporated into our model
of 3 massless active ones.
Up to this point we have assumed that the initial condi-
tions in the universe are purely adiabatic. If the assump-
tion of adiabatic primordial perturbations is relaxed, 4
isocurvature regular modes must be considered. Namely:
CDM (CI), baryon (BI), neutrino density (NID) and neu-
trino velocity (NIV). It can be shown that the CDM and
baryon isocurvature modes cannot be differentiated ob-
servationally. We consider the simultaneous mixing of all
4FIG. 3: 1D marginalized parameter distributions for adiabatic
only (solid line) and a correlated mixture of adiabatic and
isocurvature initial conditions (dotted line).
distinct modes and hence include 10 distinct components
of the initial power spectrum matrix. The initial power
spectrum of each mode is a smoothly varying function of
k and given by Pij(k) = Aijk
ns , where each correlation
is characterized by an amplitude Aij and a single scalar
spectral index [29]. We find that when isocurvature is
admitted, significantly higher neutrino masses with an
upper limit 2.2 eV at the 95% CL are permissible when
compared to our adiabatic constraint of 1.3eV. The dis-
tribution of the galaxy bias as shown in figure (3) exhibits
a shift to higher values than in the pure adiabatic case.
Since the matter power spectrum is dominated by the
adiabatic mode [22], including an isocurvature mode re-
duces the overall power P (k), requiring a higher biasing
of the galaxy spectrum to that of the underlying matter
distribution. But because our value for b agrees with the
1.3±0.2 obtained for all 4 correlated isocurvature modes
in the presence of massless neutrinos [29], we infer that
the bias is not sufficiently high to require suppression of
the matter power by such high mass neutrinos. A lower
value of ΩΛ than that reported in [29] must then compen-
sate for the higher allowed value of neutrino mass. This
is a strong indication of a degeneracy between
∑
mν and
a combination of isocurvature parameters. Removing the
NIV mode sees the constrain weaken to 2.4 eV. Note that
the neutrino mass distribution in figure (3) seems to ex-
clude the model with
∑
mν = 0. However this feature
can be attributed to a larger prior space than the mass-
less case in which NIV and NID modes are 0. I.e. there
are effectively more ways of fitting the data with massive
neutrinos.
In this letter, the problem of constraining the neu-
trino mass using cosmological observations (CMB+LSS)
has been addressed. We have systematically reviewed
most decisions that go into such an analysis and demon-
strated their impact on the resultant mass limit. An
analysis with current datasets is unaffected when differ-
ent neutrino parameterizations are considered. The cur-
rent BAO and SN data notably tighten the upper limits
on
∑
mν . Constraining the value of bias impacts sig-
nificantly on the upper bound, with the most stringent
constraint of
∑
mν < 0.63 eV being obtained when tak-
ing b = 1. We rule out any degeneracy between neutrino
mass and spatial curvature and find that the relation-
ship between dark energy equation of state w and
∑
mν
depends on the datasets used. The degredation of the
upper mass bound with more general initial conditions
points to a degeneracy with the isocurvature parameters.
These high-
∑
mν models are however ruled out by the
SN constraints on Ωm [10] which bring the limit down to
1.17eV. In conclusion it has been shown that the cosmo-
logical constraint on neutrino mass is sensitive to many
factors and it is only once all assumptions have been
evaluated can we regard the resulting limit as robust.
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